objective In urban Dhaka, Bangladesh, 30% of source water samples collected from the households of patients with cholera had detectable Vibrio cholerae. These findings indicate an urgent need for a public health intervention for this population. The Crystal VC â dipstick test is a rapid method for detecting V. cholerae in stool and water. However, to date no study has investigated the use of the rapid dipstick test for household surveillance of stored drinking water.
Introduction
There are an estimated 2.9 million cholera cases and 95 000 cholera-related deaths annually [1] . Cholera is endemic in 51 countries, and recent outbreaks have occurred in Haiti, Cameroon, Guinea, South Sudan, and Nepal [1] [2] [3] [4] [5] [6] . Vibrio cholerae O1 and O139 serogroups are the etiological agents that cause cholera infections [7] . Effective control measures and case management for cholera outbreaks rely on early detection of the pathogen from patients and environmental sources. In urban Dhaka, Bangladesh, V. cholerae was detected in 30% of water sources used by cholera patient households for drinking water [8] . This finding is highly suggestive of water being an important route of cholera infection for this population; however, detection of V. cholerae from water remains challenging [9] .
Culturing is considered to be the gold standard for detecting V. cholerae but requires skilled technicians and a laboratory facility, which is often not feasible in resource-limited settings [9] [10] [11] [12] . Recently, a rapid dipstick test, for detection of V. cholerae (Crystal VC â kit, Span Diagnostics Ltd., Surat, India), was introduced and validated for detecting the pathogen from stool and environmental water samples [13] [14] [15] [16] [17] [18] [19] [20] . However, to our knowledge, no study has been carried out to validate the use of this dipstick test for conducting household surveillance of V. cholerae in stored water samples. In this study, we investigated the efficacy of the Crystal VC â dipstick test, in terms of the sensitivity and specificity, for detecting V. cholerae in stored household drinking water and source water from the Dhaka City municipal supply collected from cholera patient households.
Methods

Study population
This study was conducted as a part of the Cholera Hospital-Based Intervention for 7 Days (CHoBI7) randomised controlled trial at International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b) Hospital in Dhaka, Bangladesh, from May 2013 to November 2014. Suspected cholera patients were recruited from Dhaka icddr,b hospital from Saturday to Thursday each week during the study period. Suspected cholera patients were defined as individuals with acute watery diarrhoea (≥3 loose stools during a 24-h period) and moderate-to-severe dehydration using the World Health Organization definition. Patient stool samples were screened for V. cholerae with the Crystal VC Rapid Dipstick (Span Diagnostics, Surat, India). All dipstick-positive findings were confirmed by bacterial culture. All patients suspected to have cholera who resided within a police thana (ward) of Dhaka and were admitted to icddr,b Dhaka Hospital were screened for eligibility for the CHoBI7 trial. A cholera patient was defined as a suspected cholera patient with a stool bacterial culture result positive for V. cholerae [8] .
Environmental surveillance
Cholera patient households were visited at Days 1, 3, 5, 7, and 9 (Visits 1-5) after the presentation of the index cholera patient at icddr,b Dhaka Hospital for environmental surveillance. At each household visit, a water sample was collected from the household's primary drinking water source, and stored drinking water in the home to test for the presence of V. cholerae by bacterial culture. In all households, water sources were taps connected to the Dhaka City municipal water supply. Water samples were collected in 500-ml bottles and transported to the icddr,b Dhaka laboratory for analysis.
Dipstick procedure
The Crystal VC â dipstick test kit (Span Diagnostics, Surat, India), evaluated in this study, has monoclonal antibodies specific to both V. cholerae O1 and O139 lipopolysaccharides (LPS) and uses vertical flow immunochromatography. The test kit costs 19 USD and includes 10 tests (1.9 USD per test). The LPS detection of the kit is 10 ng/ml for V. cholerae O1 and 50 ng/l for V. cholerae 0139 [9, 10] . This kit can be stored in temperatures ranging between 4 and 30 degrees Celsius. A half-day training was conducted on how to use the kit for all study personnel conducting the dipstick testing.
Two hundred milliliters of water from each sample was filtered through 0.22-lm nitrocellulose membrane filter papers. The filter paper was then transferred in 20 ml of alkaline peptone water (APW), and filtrates were resuspended by repeated pipetting and incubated at 37°C. After 18 h (overnight) of incubation, 1 ml of enriched water sample was transferred in the kit test tube, and then the dipstick was inserted. The final result of the dipstick test was read within 15 min. Possible results were as follows: positive reactive for V. cholerae (VC) O1, positive reactive for VC O139, positive reactive for VC O1 and O139, negative non-reactive for VC O1 and O139, and invalid (no bands present on dipstick).
Detection of Vibrio cholerae by bacterial culture
The same APW samples used for dipstick test were used for culture. After 18 h of enrichment in APW, 5-10 ll of enriched broth was streaked using an inoculating loop onto thiosulphate citrate bile sucrose agar (TCBS) and taurocholate tellurite gelatin agar (TTGA) then incubated at 37°C for 18-24 h. Presumptive colonies were subcultured on gelatin agar and again incubated at 37°C for 18-24 h according to previously published methods [9] .
Serogrouping
Vibrio cholerae colonies from gelatin agar plates were tested to determine their serogroups using slide agglutination with polyvalent antiserum, followed by monoclonal and VC serogroup O1 and O139-specific antisera according to previously published methods [21] .
Statistical methods
The sensitivity, specificity, positive predictive value and negative predictive value were calculated for all water samples collected, for Dhaka city municipal supply water and stored household drinking water samples separately. The 95% confidence intervals for sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated using the exact method [22] . We estimated P-values using generalized estimating equations (GEE) [23] , to account for clustering within households. We calculated the specificity among all culture negative tests and sensitivity separately among all culture-positive tests. This allowed us to compare the equality of the sensitivity and specificity of stored water and supply water dipstick testing. 
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Discussion
This study represents the first evaluation of the Crystal VC â dipstick test for measuring V. cholerae in stored household water using bacterial culture as the gold standard. The Crystal VC â dipstick test had a high specificity (>99%) relative to culture for measuring V. cholerae in both stored household drinking water and municipal supply water from cholera patient households in Dhaka city. However, its sensitivity was lower than expected at only 65%. The performance of the dipstick test was similar for both household stored and municipal supply water sources. In this study, the Crystal VC â dipstick test had a much lower sensitivity than previously reported. In Chakraborty et al., the sensitivity and specificity of this dipstick test for surface water samples collected from Dhaka city and rural Mathbaria and Chattak were 89% and 100%, respectively [15] . One potential explanation for this discrepancy could be lower availability of nutrients in municipal supply and household stored water in Dhaka city compared to surface water which supports the growth and multiplication of V. cholerae. This may have resulted in less than the 10 7 CFU of V. cholerae in these water samples needed for detection by the dipstick method. A second explanation is the shorter enrichment time in APW which was 24 h in the previous study and 18 h in the present study. This also could have reduced the quantity of bacteria available to culture on TCBS below the 10 7 CFU needed for detection by dipstick. Beyond the recent study in Bangladesh, there is only one other study to our knowledge that has used the Crystal VC â dipstick test for the detection of V. cholerae in water. This study, conducted in Northern Cameroon, found a specificity of 100% in comparison with PCR, but had insufficient numbers of positive water samples to calculate sensitivity [16] .
In a recent substudy conducted among households enrolled in our present study, we collected stool samples 
from index cholera patients to evaluate the performance of the Crystal VC â dipstick test in comparison with bacterial culture. We found the specificity and sensitivity of the Crystal VC â dipstick test to be 98% and 75%, respectively, after enrichment for 6 hours in APW for stool samples analysed [13] . This sensitivity was higher than we observed for water samples in the present study (75% vs. 66% (present study)), while the specificity was similar (98% vs. 99.6% (present study)). This higher sensitivity is likely explained by the higher bacterial load in stool samples leading to higher pathogen detection by dipstick.
A tool to identify V. cholerae from environmental sources is important for cholera surveillance in both epidemic and endemic settings. However, testing water by bacterial culture is difficult in many low-income countries where cholera occurs. High specificity is valuable for environmental surveillance because it allows for the identification of contaminated water sources and for warnings to be posted discouraging the use of these sources as well as for early detection of cholera outbreaks. The low sensitivity of the Crystal VC â test however means that use of this dipstick test needs to be done in combination with bacterial culture in a subset of samples, particularly for those that are negative by dipstick. We recommend the Crystal VC â test be used by Ministries of Health to complement their cholera surveillance programs in low-resource settings. This dipstick test could be used in combination with traditional bacterial culture for rapid clinical surveillance in hospital settings and environmental surveillance in the households or neighbourhoods where cholera cases are identified. This can then lead to targeted interventions in these affected areas focusing on handwashing with soap and water treatment.
This study has limitations. One limitation is that the sensitivity of the Crystal VC â dipstick could not be ascertained for V. cholerae O139, as the presence of the serogroup could not be confirmed in any of the samples tested by culture, although two of the supply water samples were positive for V. cholerae O139 by dipstick they were negative by culture. This result however does not rule out the possibility that V. cholerae O139 was not present, as this bacterium was isolated recently from surface water in Dhaka [24] , which could contaminate municipal supply waters in Dhaka city [25] . A second limitation is that we did not assess the ability of the dipstick test to detect V. cholerae at different lengths of enrichment times in APW. This was previous investigated Chakraborty et al. 2014 [15] and should be studied in future investigations.
The findings from this study have shown that the Crystal VC â dipstick is a promising screening tool for environmental surveillance of cholera outbreaks in resource-limited settings where elimination of falsepositive results is critical. This test can provide an inexpensive means of cholera control by identifying water sources that should not be consumed, and thereby helping to stop the spread of the V. cholerae pathogen and reduce cholera morbidity and mortality. 
